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' Samples  of  crown  glass^fused  silica.  Perspex  and  Irtran 

1 were  Irradiated  with  0.2-qia^uration  pulses  from  a CO,  laser,  at 

2 ^ 

energy  densities  of  between  10  and  800  kJ/m  . The  damage  induced 
I was  thermal  in  origin  and  was  controlled  more  by  the  absorption  depth 

I in  the  material  than  by  thermal  diffusion.  The  major  damage 

mechanisms  were  cracking  and  flaking  in  the  case  of  crown  glass,  and 
vaporisation  in  the  cases  of  fused  silica  and  Perspex.  Irtran  1 was 
the  most  difficult  to  damage  because  of  its  comparatively  large 
absorption  depth.  Impulse  production  was  studied,  and  was  explained 
by  simple  models  involving  vaporisation  and  the  excitation  of  laser- 
supported  detonation  waves ._ 
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INTERACTION  OF  PULSED  COo-LASER  RADIATION 


WITH  NON-METALS 


1 . INTRODUCTION 


There  is  a considerable  body  of  literature  dealing  with  the 
effects  on  materials  of  pulsed  C02-laser  radiation  at  10.6-  pm  wave- 
length. Much  of  this  work  has  been  concerned  with  studies  of  the 
plasmas  produced  near  metal  surfaces  by  pulses  with  durations  in  the 
microsecond  region.  However,  studies  of  the  interaction  of  pulses 
with  durations  in  the  submicrosecond  region  with  metals and  non- 
metals^*^  have  not  been  as  extensive.  The  purpose  of  this  paper  is 
to  extend  the  understanding  of  the  damage  mechanisms  involved  when 
non-metals  are  irradiated  by  subraicrosecond  pulses.  Although  the 
materials  studied  (crown  glass,  fused  silica,  Perspex  and  Irtran  1) 
are  all  strong  absorbers  of  10.6-  ym  radiation,  their  absorption  depths 
are  somewhat  larger  than  the  thermal  diffusion  depth  corresponding  to 
a submicrosecond  pulse.  This  represents  a situation  different  from 
that  usually  discussed^’  in  which  the  deposition  of  energy  within  the 
material  is  assumed  to  be  controlled  by  thermal  diffusion  rather  than 
by  absorption. 


E5CPERIMENTAL  DETAILS 


The  basic  experimental  arrangement  is  shown  in  Fig.  1. 

The  laser  used  in  this  work  utilised  pulsed  electron-beam  prelonlsation 

derived  from  two  cold-cathode  electron  guns,  but  for  most  of  the  work 

only  one  electron  gun  was  used.  When  operated  in  this  manner,  the 

laser  gave  an  output  pulse  which  consisted  of  an  initial  spike  about 

0.2  us  wide  at  half  height,  followed  by  a much  smaller  peak  with  a 2-us  tall. 

Although  higher  energies  could  be  achieved  by  the  use  of  both  guns,  the 

resulting  pulse  shape  was  erratic  and  only  a small  amount  of  work  was  done 

under  these  conditions.  Pulse  waveforms  were  monitored  by  a photon-drag 

detector  and  displayed  on  an  oscilloscope.  Energies  were  measured  by  a 

disc  calorimeter  with  a readout  unit  that  compensated  for  the  thermal  time- 

constant  of  the  calorimeter.  The  focusing  lens  had  a focal  length  of  370  mm  and 

the  energy  density  on  the  sample  could  be  varied  between  10  kJ/m^  (1  J/cm^) 

and  800  kJ/m^  by  varying  the  lens-to-sample  distance.  In  addition,  small 

changes  to  the  energy  were  made  by  inserting  polyethylene  films  in  the 

unfocused  beam.  The  irradiated  areas,  which  could  be  varied  from 

30  mm,  to  400  mm'^,  were  determined  from  the  burn  patterns  produced  in 

Perspex.  Variations  of  Irradiation  within  the  irradiated  area  were 

neglected  and  thus  the  energy  densities  quoted  are  average  values. 
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The  samples  were  In  the  form  of  small  discs  and  were  mounted  so  that 
the  angle  of  incidence  could  be  varied,  although  most  of  the  results 
reported  here  were  obtained  at  normal  incidence.  Table  1 gives 
details  of  the  sample  materials  used  in  these  experiments. 


TABLE  1 

SAMPLE  MATERIALS 

MATERIAL 

Crown  glass 
Perspex 
Fused  silica 
Irtran  1 


DESCRIPTION 

Chance,  hard  crown.  Type  519604 
Commercial  poly (methyl  methacrylate) 
Optical  grade 

Kodak  sintered  magnesium  fluoride 


The  temporal  behaviour  of  the  sample  surface  was  observed  in 
several  different  ways: 

(a)  Photographs  were  taken  at  64  and  at  400  frames  per 
second  in  the  case  of  crown  glass,  and  at  64  frames 
per  second  in  the  case  of  Irtran  1. 

(b)  For  both  glass  and  Perspex  samples,  the  beam  from  a 
He-Ne  laser  (see  Fig.  1)  was  directed  through  the 
area  of  the  sample  to  be  irradiated.  This  probe- 
laser  beam  then  passed  through  a pin-hole  and  was 
incident  adjacent  to  another  pin-hole  at  the  entrance 
to  a photomultiplier  as  shown  in  Fig.  1.  Thus, 
scattering  of  the  probe-laser  beam  caused  by  damage 
to  the  sample  surface  could  be  detected  by  the 
photomultiplier.  The  photomultiplier  signal  was 
displayed  on  an  oscilloscope  and  a chart  recorder. 

(c)  The  photon-drag  detector  was  used  to  measure  the 
specular  reflection  at  10.6-um  wavelength  from  a 
glass  sample,  for  an  angle  of  incidence  of  45°. 

The  incident  waveform  was  monitored  by  a pyroelectric 
detector  in  place  of  the  photon-drag  detector  in 

Fig.  1. 

A ballistic  pendulum  was  used  to  measure  the  impulse  imparted  to 
the  crown  glass,  fused  silica  and  Perspex  samples. 


3 . RESULTS 

3.1  CROWN  GLASS 

The  morphology  of  the  damaged  surfaces  was  examined  by 
an  optical  microscope  and  a scanning  electron  microscope  (SEM) . 

Many  different  phenomena  were  observed  in  the  glass  itself  and  in  the 
plasma  resulting  from  the  interaction  of  the  beam  with  the  sample. 
Some  of  these  effects  are  listed  in  Table  2 together  with  approximate 
thresholds  for  their  occurrence. 

TABLE  2 

DAMAGE  EFFECTS  IN  CROWN  GLASS 

EFFECT 

THRESHOLD 

(kJ/m^) 

Perpendicular  crack  formation 

5 

Flake  formation 

10 

Vaporisation  and  impulse  production 

20 

Uniform  "orange-peel" 

AO 

Fringe  patterns 

60 

Disappearance  of  "orange-peel" 

100 

Peak  Impulse  and  laser-supported  detonation- 
wave  formation 

250 

3.1.1  Cracking  and  Flaking 

Micrographs  of  the  damaged  samples  showed  that  at  energy 
densities  around  5 kJ/m^,  localised  cracking  perpendicular  to  the 
surface  occurred.  The  cracks  usually  had  multiple  branches  although 
long  straight  cracks  were  occasionally  observed.  Above  10  kJ/m^, 
flakes  formed  due  to  cracking  both  perpendicular  and  parallel  to  the 
surface.  The  partial  detachment  of  the  flakes  from  the  substrate  was 
apparent  in  the  SEM  micrographs  (Fig.  2a,  b) . (This  detachment  could 
also  be  Inferred  from  the  presence  of  circular  interference  fringes 
when  the  samples  were  viewed  in  reflected  light  under  the  optical 
microscope) . There  did  not  appear  to  be  any  intermediate  stage  where 
extensive  perpendicular  cracking  only  took  place.  Just  above  threshold 
the  flakes  were  regular  In  shape,  often  approximately  rectangular 
(see  Fig.  2b),  but  further  above  threshold  the  flakes  were  irregular. 
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The  flake  thicknesses  were  measured  from  the  SEM  micrographs 
of  flakes  that  had  curled  sufficiently  to  give  a clear  view  of  the 
edge  (e.g.  Fig.  2a).  The  thickness  obtained  was  5 ± 2 pm,  with  little 

apparent  variation  with  incident  energy  density.  Thicknesses  were 
also  measured  using  the  optical  microscope  by  the  standard  method  of 
focusing  on  the  surface,  then  on  the  flake-substrate  junction  and 
correcting  for  refractive  index.  The  thickness  obtained  by  this 
method  was  7.5  ± 2.5  um.  There  was  a large  variation  in  the  size  of 

the  flakes  formed,  but  the  majority  were  in  the  range  from  40  pm  to 
300  pm  across.  The  average  flake  area  was  approximately  0.01  mm^ 
but  areas  did  differ  by  an  order  of  magnitude  either  way. 

The  photographic  observations  of  the  irradiated  surface 
showed  that  cracking  and  flaking  proceeded  in  two  main  stages  that 
were  distinguished  by  their  time  dependence.  Initially,  a fast  stage 
was  apparent  where  a relatively  small  number  of  long  cracks  divided  the 
irradiated  area  into  independent  regions . This  was  followed  by  a slow 
stage  in  which  these  regions  either  broke  into  flakes  or  were  criss- 
crossed by  another  set  of  cracks  before  flaking  occurred.  (Fig.  3a 
is  an  optical  micrograph  showing  two  long  cracks  and  some  of  the  flakes 
in  three  independent  regions) . The  initial  cracks  took  less  than 
2.5  ms  to  form  and  a typical  region  took  approximately  30  ms  to  break 
up  into  flakes.  However,  some  regions  did  not  commence  breaking  up 
until  100  ms  after  the  laser  pulse.  The  regions  that  broke  up  first 
formed  flakes  that  were  larger  than  those  from  the  regions  that  broke 
up  later.  Figure  4 is  a series  of  6 frames,  taken  15  ms  apart, 
Illustrating  the  cracking  and  flaking  processes. 

An  analysis  of  the  cracking  and  flaking  processes  is  presented 
in  Appendix  1.  In  this  analysis,  absorption  rather  than  thermal 
diffusion^ is  assumed  to  control  the  depth  at  which  energy  is  deposited 
in  the  material.  This  assumption  is  made  since,  in  this  material,  Che 
absorption  depth  (=  1 pm)®  is  larger  than  the  thermal  diffusion  depth 
(=  0.6  um)  corresponding  to  a 0.2-ys  pulse.  The  energy  density 
required  to  soften  the  glass  surface  is  calculated  to  be  aboat  2.2  kJ/m^ 
and  it  is  estimated  that  on  cooling  the  tensile  stress  developed  would 
exceed  the  tensile  strength  of  the  glass.  In  view  of  the  assumptions 
made  in  the  analysis,  the  above  energy  density  is  in  reasonable  agreement 
with  the  observed  threshold  for  cracking  of  about  5 kJ /m'^ . 

A comparison  of  the  relative  speeds  at  which  cracking  and 
flaking  are  expected  to  occur  can  be  obtained  from  the  calculations 
in  Appendix  1 of  the  elastic  energy  released  per  unit  surface  area  in 
each  case.  The  results  show  that,  in  the  case  of  cracking,  the  energy 
released  greatly  exceeds  the  value  of  10  J/m^  which  is  required^  for 
rapid  crack  propagation;  whereas  in  the  case  of  flaking  the  energy 
released  is  considerably  less  than  this  value.  Thus  cracking 
perpendicular  to  the  surface  would  be  expected  to  proceed  at  a much 
faster  rate  than  would  flaking.  The  photographic  observations  are  in 
general  agreement  with  these  predictions  in  that  cracking  occurred  at 
speeds  greater  than  those  that  could  be  resolved  by  the  camera  (10  m/s) 
and  was  then  followed  by  flaking  at  a much  slower  speed. 
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3.1.2  Vaporisation 


At  energy  densities  around  20  kJ/m  vaporisation  of  the 
glass  surface  commenced.  Imparting  an  Impulse  to  the  sample  and  forming 
a bright  plasma  above  the  surface.  Small  undulations  in  the  sample 
surface,  giving  it  an  "orange-peel"  appearance,  were  evident  in  both  the 
SEM  and  optical  micrographs.  (Fig.  3(a)  is  an  optical  micrograph 
Illustrating  the  "orange-peel"  overlaying  the  cracking  and  flaking) . 

At  energy  densities  of  about  40  kJ/m^  the  "orange-peel"  is  fairly  uniform 
over  nearly  all  of  the  damaged  region  but  at  energy  densities  of  about 
60  kJ/m^  small  regions  lose  their  "orange-peel"  appearance.  These 
regions  often  exhibit  fringe  patterns  (see  Fig.  3)  which  are  circular  for 
normal  incidence  and  elliptical  for  other  angles  of  incidence.  The 
patterns  are  probably  the  result  of  interference  between  the  incident 
radiation  and  radiation  scattered  from  a point  source.  Walters'^  has 
observed  similar  patterns  on  acrylic  plastic  and  silica  and  postulates 
that  the  scattering  sites  act  as  initiation  points  for  laser-supported 
detonaticn  (LSD)  waves  which  in  turn  result  in  shielding  of  part  of  the 
surface.  At  about  100  kJ/m^  the  "orange-peel"  has  almost  disappeared. 

As  only  a small  amount  of  material  was  vaporised  from  the 
surface  by  each  pulse,  the  depth  removed  by  a series  of  50  pulses  was 
measured  by  means  of  the  optical  microscope  and  the  average  amount 
removed  per  pulse  was  calculated.  The  results  are  shown  in  Fig.  5(a) 
as  a function  of  energy  density.  The  analysis  of  vaporisation  presented 
in  Appendix  2 shows  that  agreement  with  the  observed  threshold  (estimated 
from  Fig.  5(b))  is  obtained  if  material  parameters  appropriate  to  fused 
silica  are  assumed.  However,  the  amount  of  material  removed  at  energy 
densities  above  threshold  could  not  be  predicted  accurately. 


A He-Ne  laser  (Fig.  1)  was  used  to  investigate  the  time 
development  of  the  surface  damage,  particularly  at  times  shorter  than 
could  be  resolved  by  the  camera.  The  scattering  from  the  sample 
surface  developed  in  two  stages:  a fast  stage  and  a slow  stage.  The 

fast  stage  presumably  corresponded  to  scattering  from  the  irregular 
surface  left  after  vaporisation;  this  type  of  scattering  could  be 
clearly  detected  100  ps  after  the  laser  pulse.  Scattering  at  earlier 
times  was  obscured  by  the  tail  of  the  pulse  from  the  plasma  flash.  The 
slow  stage  presumably  corresponded  to  scattering  from  the  flakes  and  this 
took  between  0.2  s and  0.8  s to  reach  its  full  amplitude.  These  results 
are  thus  in  general  agreement  with  the  photographic  observations  reported 
above . 

3.1.3  Iimiulse 


The  specific  impulse  (impulse  per  unit  incident  energy)  versus 
energy  density  is  shown  in  Fig.  5(b).  Below  250  kJ/m^  only  one  electron 
gun  was  used  to  excite  the  laser,  whereas  above  250  kJ/m^  both  electron 
guns  were  used.  Because  of  the  variable  laser-beam  pulse  waveform  the 
measurements  are  less  reliable  in  this  region.  The  specific  impulse 
increases  as  the  energy  density  increases  up  to  150  kJ/m^,  remains 
essentially  constant  until  250  kJ/m^  and  decreases  thereafter. 
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The  analysis  of  impulse  production  given  in  Appendix  2 is  based 
on  that  of  Schriempf^®.  Once  again,  assuming  that  the  material 
parameters!^  of  fused  silica  are  appropriate  in  this  case,  reasonable 
theoretical  agreement  with  the  shape  of  the  specific  impulse  curve  is 
obtained.  However,  the  maximum  Impulse  observed  was  somewhat  less  than 
that  calculated. 

3.1.1  Reflectance 

Measurement  of  the  specular  reflectance  from  the  sample,  in 
the  energy  density  range  20-200  kJ/m^,  indicated  four  main  features; 

(a)  The  reflected  pulse  amplitude  became  smaller  as  the 
energy  density  increased  (see  Fig.  6). 

(b)  The  reflected  pulse  width  became  smaller  as  the 
energy  density  increased. 

(c)  As  the  energy  density  Increased,  the  peak  of  the 
reflected  pulse  occurred  earlier  than  the  peak  of  the 
incident  pulse. 

(d)  When  two  successive  pulses  were  incident  on  the  same 
area  of  the  sample,  it  was  found  that,  above  a pulse 
energy  of  about  100  kJ/m^,  the  specular  reflectance 
was  the  same  for  each  pulse.  However,  below 
100  kj/m^  the  specular  reflectance  for  the  second 
pulse  was  somewhat  less  than  that  for  the  first 
pulse  (see  Fig.  6) . 

It  is  expected  that  specular  reflectance  will  be  determined 
by  the  absorption  and  scattering  of  the  incident  and  reflected  beams 
in  the  plasma  above  the  target  surface,  by  the  absorption  at  the  target 
surface  and  by  any  additional  scattering  introduced  by  the  damage  to  the 
target  surface.  The  observations  are  consistent  with  the  Interpretation 
that  close  to  the  vaporisation  threshold  the  plasma  above  the  target  is 
4 transparent  to  10.6-pm  radiation  and  the  reflectance  is  mainly  determined 

by  the  state  of  the  target  surface.  At  higher  energy  densities  the  plasma 
I becomes  more  absorbing  and  the  later  part  of  the  pulse  is  absorbed  in  the 

plasma. 


3.2  FUSED  SILICA 


The  fused  silica  samples  were  subjected,  at  normal 
pulses  with  energy  densities  between  45  kJ/m^  and  450  kJ/m^- 
a beam  area  of  40  mm^.  Impulse  measurements  were  made  and 
of  the  damaged  surfaces  was  examined  by  optical  microscopy. 


incidence,  to 
mostly  with 
the  morphology 


3.2.1  C r ■ eking 


in  clear 
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No  cracking  or  Flaking  was  observed  with  the  fused  silica  samples, 
contrast  to  crown  glass.  From  the  analysis  in  Appendix  1 together 
data  from  Shand^^^  It  is  clear  that  the  tensile  stress  on  cooling 
exceed  the  tensile  strength  of  the  material. 
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3.2.2  Vaporisation 

Vaporisation  coraraenced  at  an  energy  density  of  about  60  kJ/m^ 
imparting  an  Impulse  to  the  sample  and  forming  a plasma  above  the 
surface.  At  energy  densities  just  above  this  threshold  the  surface 
had  a rough  appearance  wlien  viewed  by  transmitted  light  under  an  optical 
microscope.  At  energy  densities  of  about  120  kJ/m^  fringe  patterns, 
similar  to  those  discussed  in  section  3.1.2,  were  observed  and  the 
number  of  fringe  patterns  increased  with  Increasing  energy  density. 

At  energy  densities  of  about  300  kJ/m^,  the  surface  was  almost  entirely 
covered  by  a series  of  overlapping  fringe  patterns  often  centred  on 
areas  that  had  apparently  been  partly  shielded  from  the  beam.  Fig.  7(a) 
is  an  optical  micrograph  of  a surface  after  exposure  to  an  energy  density 
of  450  kJ/m^.  The  individual  fringe  patterns  are  no  longer  distinguishable 
but  the  uneven  surface  due  to  the  fringes  and  the  partial  shielding  is 
apparent.  After  the  same  area  was  irradiated  by  several  pulses  the 
surface  appeared  to  have  a greater  roughness.  This  can  be  seen  in 
Fig.  7(b)  which  is  an  optical  micrograph  of  a surface  after  exposure  to 
five  pulses,  each  giving  an  average  energy  density  of  450  kJ/m^. 


The  approximate  depth  of  material  removed  from  each  of  a set  of 
samples  was  measured  by  means  of  the  optical  microscope.  The  results 
are  shown  in  Fig.  8(a)  as  a function  of  energy  density.  These  results 
are  consistent  with  Chang' s^^  data  on  the  latent  heat  of  vaporisation. 
However,  better  agreement  is  obtained  with  the  observed  threshold  energy 
density  (estimated  from  Fig.  8(b))  if  the  absorption  depth  is  assumed  to 
be  about  3 um  rather  than  the  previously  assumed  value®  of  12  pm 
(see  Appendix  2) . 


3.2.3  Impulse 

The  measured  specific  impulse  versus  energy  density  is  shown 
in  Fig.  8(b)  for  a beam  size  of  40  mm^.  The  Impulse  has  a threshold 
of  about  60  kJ/m^  and  increases  with  energy  density  up  to  about  250  kJ/ro^ 
and  then  decreases.  The  shape  of  the  specific-impulse  curve  is  in 
reasonable  agreement  with  the  theoretical  analysis  of  Appendix  2 but  in 
general  the  observed  magnitude  is  somewhat  less  than  that  predicted. 


3.3  PERSPEX 


The  Perspex  samples  were  irradiated  by  pulses  with  energy  densities 
between  20  kJ/m^  and  550  kJ/m^,  the  direction  of  the  beam  being  normal  to 
the  surface.  The  beam  area  was  varied  but  most  of  the  results  were 
obtained  with  a beam  area  of  30  mm^ . Impulse  measurements  were  made  and 
the  morphology  of  the  damaged  surfaces  was  examined  by  both  optical  and 
electron  microscopy. 


3.3.1  Vaporisation 

2 

Vaporisation  commenced  at  an  energy  density  ~ 40  kJ/m  , imparting 
an  impulse  to  the  target  and  forming  a plasma  above  the  surface.  Micrographs 
of  the  surface  (Fig.  9 is  a SEM  micrograph)  showed  a honeycomb -like  structure 
in  which  the  holes  appear  to  be  due  to  the  ejection  of  volatile  material  from 
beneath  the  surface. 
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Near  the  vaporisation  threshold  fringe  patterns  were  observed 
usually  around  a relatively  undamaged  central  region.  The  interpretation 
of  these  patterns  was  discussed  in  section  3.1.2  but  it  was  not  ascertained 
whether  the  scattering  was  due  to  surface  contamination  or  to  material 
embedded  in  the  sample  material . 

The  approximate  depth  of  material  vaporised  by  a pulse  was 
determined  by  means  of  the  optical  microscope  and  this  is  shown  in  Fig.  10(a) 
as  a function  of  energy  density.  The  data  near  threshold  are  not 
inconsistent  with  the  value  of  latent  heat  of  vaporisation  quoted  in  the 
literature^'^ . However,  the  analysis  of  the  threshold  energy  density  in 
Appendix  2 indicates  a value  for  the  absorption  depth  of  about  15  pm  rather 
than  the  value  of  30  pm  obtained  from  direct  absorption  measurements ^5 _ 

The  time  development  of  the  damage  was  iiivcstigated  with  the 
He-Ne  laser  used  as  a probe  as  described  in  section  2(a)  except  that  the 
direct  beam  was  incident  on  the  photomultiplier  aperture  and  scattering  by 
the  damaged  region  thus  caused  a reduction  in  signal.  The  photomultiplier 
signal  was  observed  to  decrease  by  the  time  the  laser  pulse  reached  its 
peak,  and  the  scattering  was  complete  after  about  1 ps.  This  prompt 
occurrence  of  damage  demonstrated  that  vaporisation  was  the  dominant 
damage  mechanism  for  this  material. 

3.3.2  Impulse 


The  measured  specific  impulse  versus  energy  density  is  shown 
in  Fig.  10(b)  for  an  irradiated  area  of  30  mra^.  The  impulse  has  a 
threshold  at  an  energy  density  of  about  40  kJ/m^,  reaches  a maximum  value 
at  energy  densities  around  125-150  kJ/ra^  and  then  decreases  for  energy 
densities  above  150  kJ/m^.  The  analysis  in  Appendix  2 of  impulse  production 
gives  good  agreement  with  the  shape  of  the  observed  specific-impulse  curve. 
However,  the  maximum  impulse  produced  is  only  about  one-tenth  of  that 
expected;  reasons  for  this  discrepancy  are  discussed  in  the  Appendix. 


3.4  IRTRAN  1 


The  Irtran  1 samples  were  irradiated  by  pulses  with  energy 
densities  between  100  kJ/m^  and  500  kJ/m^.  The  beam  was  incident  normal 
to  the  surface  and  irradiated  an  area  of  30  nrni^. 


Tlie  severity  of  the  damage  produced  in  the  Irtran  1 samples  was 
generally  less  than  that  in  the  crown-glass  samples,  although  some  samples 
failed  catastrophically.  There  was  considerable  variability  from  shot 
to  shot  and,  because  of  the  limited  number  of  samples  available,  the 
investigation  was  not  as  thorough  as  those  of  the  other  materials. 

Optical  microscopy  was  sufficient  to  reveal  the  main  features  of 
the  d;image  produced.  Above  100  kJ/m^,  a fine  crazing  pattern  was  observed 
on  the  surface  with  individual  segments  having  dimensions  of  approximately 
5 pm  across.  This  mode  of  damage  is  probably  related  to  the  hulk  properties 
of  the  material  and  is  in  contrast  to  another  mode  of  damage  that  appeared 
to  be  related  to  absorbing  centres  in  the  material.  The  presence  of  such 
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centres  is  not  surprising  since  the  material  is  produced  by  a sintering 
process.  It  was  observed  that  if  a centre  was  within  75  pm  of  the 
surface  (i.e.  comparable  to  the  absorption  depth^^  of  150  pm)  a surface 
crack  was  produced,  and  in  some  cases  a complete  chip  broke  off,  probably 
due  to  the  stress  produced  by  the  rapid  heating  of  the  centre.  The 
development  and  breakaway  of  a chip  sometimes  occurred  after  several 
laser  pulses.  A third  mode  of  damage  was  observed  on  one  sample  that 
had  received  three  pulses  of  total  (i.e.  cumulative)  energy  density 
of  500  kJ/ra^.  Cracking  perpendicular  to  and  parallel  to  the  surface 
took  place  to  give  a mosaic  appearance  with  individual  pieces  about 
70  pm  across.  Finally,  after  several  more  pulses  the  sample  disintegrated. 
Photographic  observations  showed  that  many  small  pieces  were  ejected  from 
the  central  part  of  the  surface,  presumably  the  pieces  of  the  mosaic. 


Complete  disintegration  of  some  samples  occurred  due  to  the 
development  of  three  or  four  full-depth  perpendicular  cracks  extending 
across  the  full  width  of  the  samples.  However,  it  must  be  emphasised 
that  there  was  considerable  variability  in  the  behaviour  of  the  samples. 
Some  samples  did  not  develop  cracks  that  resulted  in  disintegration. 

One  sample  disintegrated  after  5 pulses  with  a total  energy  density  of 
1250  kJ/m^.  Another  sample  disintegrated  after  2 pulses  of  total  energy 
density  300  kJ/m^,  while  another  more  opaque  sample  disintegrated  after  a 
single  palse  of  energy  density  180  kJ/m^.  It  is  probable,  although  this 
has  not  been  demonstrated,  that  the  full-depth  perpendicular  cracks  also 
originated  from  the  absorbing  inhomogeneities. 


4.  SUMMARY  AND  CONCLUSIONS 


The  damage  to  absorbing  non-metals  due  to  submicrosecond  pulses 
of  10.6-um  wavelength  radiation  was  found  to  be  thermal  in  origin  and  to 
arise  from  the  deposition  of  energy  near  the  surface  at  a depth  that  is 
determined  more  by  the  absorption  depth  in  the  material  than  by  thermal 
diffusion . 


The  main  damage  mechanism  for  crown  glass  consists  of  the 
heating  of  a thin  surface  layer  to  the  softening  temperatuie,  following 
which  a tensile  stress  is  developed  on  cooling  that  is  proportional  to  the 
coefficient  of  thermal  expansion.  Cracking  and  flaking  of  the  surface 
results  where  the  stress  exceeds  the  tensile  strength  of  the  glass. 

The  speed  at  which  cracking  took  place  was  observed  to  be  much  higher  than 
that  at  which  flakes  were  formed.  This  observation  was  found  to  be 
consistent  with  calculations  that  showed  a large  difference  in  the  elastic 
energy  released  in  the  two  cases.  The  flaking  threshold  for  crown  glass 
witl  0.2-ms  pulses  was  observed  to  be  about  10  kJ/m^  and  the  threshold  for 
localised  cracking  in  the  absence  of  flaking  was  about  one-half  of  this  value. 
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Cracking  and  flaking  could  not  be  produced  in  fused  silica, 
presumably  because  of  its  low  coefficient  of  thermal  expansion. 
Vaporisation  was  found  to  be  the  main  damage  mechanism  and  this  occurred 
above  a threshold  energy  density  of  about  60  kJ/m'^.  The  significant 
damage  mechanism  for  perspex  was  also  found  to  be  vaporisation,  the 
threshold  for  which  was  about  40  kJ/m^. 


Irtran  1 was  difficult  to  damage  because  of  its  greater 
absorption  depth.  Minor  cracking  and  chipping  were  produced  apparently 
by  stress  generated  by  absorption  at  isolated  centres  in  the  bulk  of 
the  material.  Complete  failure  due  to  the  propagation  of  perpendicular 
cracks  through  the  full  depth  of  the  sample  occurred  on  occasions  with 
no  obvious  threshold.  It  is  probable  that  these  perpendicular  cracks 
were  also  Initiated  at  absorption  centres. 

The  measured  variation  of  specific  impulse  with  energy 
density  for  crown  glass,  fused  silica  and  Perspex  could  be  adequately 
explained  by  the  standard  theory  after  making  reasonable  modifications 
to  allow  for  the  effects  of  finite  absorption  depth.  However,  the 
magnitude  of  the  impulse  could  not  be  predicted  reliably.  The  quantity 
of  material  removed  due  to  vaporisation  of  the  above  materials  was  also 
in  agreement  with  the  modified  theory,  except  in  the  case  of  crown  glass 
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APPENDIX  1 


CRACKING  AND  FLAKING 


The  basic  mechanism  for  cracking  and  flake  formation  in 
glass  consists  of  heating  a surface  layer  to  a temperature  where 
viscous  flow  relieves  the  transient  compressive  stress  so  that  a 
tensile  stress  appears  on  cooling.  Cracking  and  flaking  can  occur 
if  the  stress  exceeds  the  tensile  strength  of  the  glass.  In  the 
flaking  process  the  tip  of  a crack  that  is  perpendicular  to  the 
surface  turns  and  propagates  approximately  parallel  to  the  surface, 
leading  to  the  formation  of  a flake. 


Threshold  for  cracking 

Consider  a laser  pulse  of  duration  t incident  on  a sample 
with  an  absorption  depth  6 , and  a thermal  difffisivity  k.  The  pulse 
energy  is  absorbed  so  that 


E = E e 
o 


-ax 


1.1 


where  E^  is  the  energ}'  density  at  the  surface 
E is  the  energy  density  at  a depth  x 
a is  the  absorption  coefficient  (5  = 1/a). 

If  5 is  large  compared  with  2/(<t  )then  the  conduction  of  heat  into  the 

interior  of  the  sample  during  th£  pulse  may  be  ignored.  In  this 

case  the  threshold  for  viscous  flow  may  be  derived  by  equating  the 

energy  absorbed  in  a thin  surface  layer  to  the  energy  required  to  bring 

the  layer  to  the  softening  temperature  T , leading  to 

s 


Eth  =6pc(T^ 


1.2 


where  E^^^  is  the  incident  energy  density  at  threshold 

p is  the  density 

c is  the  specific  heat 

T is  the  ambient  temperature 


Dugdale  gives  the  maximum  stress  on  cooling,  a,  as 


Ya’  (T  - T ) 
s o 


o 


1 - V 
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where  Y 


a 

V 


is  Young's  modulus 

is  the  coefficient  of  linear  expansion 
is  Poisson's  ratio 


If  the  stress  exceeds  the  strength  of  the  glass  then  cracking  and 
flaking  will  take  place. 


Crack  Propagation 


A comparison  of  the  speeds  at  which  cracking  and  flaking 
are  expected  to  occur  can  be  obtained  from  calculations  of  the  decrease 
in  elastic  energy  density  associated  with  each  case. 


For  cracking  perpendicular  to  the  surface,  the  energy  released 
in  forming  unit  area  of  new  surface,  is  given  by^ 


AU 
c 

Hd 


1.4 


where  AU  is  the  decrease  in  elastic  energy  per  unit  surface  area  on 
cracking,  t is  the  length  of  crack  per  unit  area  of  the  surface  and 
d is  the  depth  of  cracking.  The  normalised  decrease  in  elastic  energy 
per  unit  surface  area,  p,  is  defined^  as 


AU 


1.5 


where  U is  the  upper  limit  of  the  elastic  energy  per  unit  surface  area 
in  the  Absence  of  cracking  and  is  given  by^ 


(1-v)  a a 


1.6 


where  a.  is  the  thickness  of  the  softened  layer  and  the  subscript  "o" 
indicates  the  upper  limit  of  a parameter. 


In  the  case  of  cracking  plus  flaking,  the  energy  released  in 
forming  unit  area  of  new  surface,  y^,  is  given  by^ 


AU. 


2(1  + Id) 


1.7 


where  AU^  is  the  decrease  in  elastic  energy  per  unit  surface  area  on 
flaking,  £ is  the  length  of  crack  per  unit  area  of  the  surface  and 


! .1 
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d is  the  flake  thickness.  The  nonnalised  decrease  in  elastic  energy 
per  unit  surface  area,  q,  is  defined  as^ 


....  1.8 


?arlson  of  theory  and  experiment 


Table  1.1  lists  the  values  of  the  relevant  parameters  for 
crown  glass  and  silica.  Values  of  <,  p,  c,  T , a'  and  v were  taken 
from  Shand^^;  values  of  5 were  taken  from  Cleek®;  and  values  of  Y 
were  taken  from  Dugdale®.  The  results  of  calculations  based  on  these 
values  are  given  in  Tables  1.2  and  1.3. 

In  the  case  of  crown  glass.  Table  1.2  shows  that  the  cracking 
threshold  calculated  from  equation  1.2  gives  a result  that  is  somewhat 
less  than  the  observed  value.  This  is  to  be  expected  since  the  condition, 
5 » 2/(ict  ),  is  only  approximately  satisfied  in  this  material.  The 
maximvim  stress  produced  on  cooling  was  calculated  from  equation  1.3  and 
Table  1.2  shows  that  this  is  considerably  greater  than  the  breaking 
stress.  Thus  cracking  would  be  expected  to  occur  and  this  predicted 
behaviour  is  in  agreement  with  the  observations. 

Cracking  was  not  observed  in  the  case  of  fused  silica  and  the 
reason  for  this  can  be  seen  in  Table  1.2  vdiere  the  maximum  stress,  as 
calculated  from  equation  1.3,  is  less  than,  or  at  least  comparable  to, 
the  breaking  stress.  The  low  value  of  the  stress  is  a consequence  of 
the  small  coefficient  of  thermal  expansion  in  this  material. 

The  parameters  relevant  to  the  processes  of  cracking  and 
flaking  in  crown  glass  are  given  in  Table  1.3,  in  which  a was  taken  as 
the  absorption  depth,  d was  taken  as  the  average  flake  thickness  and 
i was  estimated  from  the  film  records  in  the  case  of  cracking  and  from 
the  average  flake  area  in  the  case  of  flaking.  Equation  1.6  was  used 
to  calculate  U^,  and  p and  q were  estimated  from  equations  15  and  12 
of  Dugdale^  respectively.  The  values  of  Yc  snd  were  then  calculated 
from  equations  1.4  and  1.7  respectively. 

2 

For  the  case  of  perpendicular  cracking  y = 110  J/ra  which 
is  well  above  the  value  of  10  J/m^  which  Dugdale^  states  is  necessary 
for  rapid  crack  propagation.  On  the  other  hand,  the  low  value  of 
(’  1 J/m^)  indicates  that  flaking  would  be  expected  to  proceed 
much  more  slowly  than  perpendicular  cracking.  Although  the  value  of 
Y,  is  not  strongly  dependent  on  flake  size  it  will  increase  as  the  flake 
size  increases.  Hence  larger  flakes  might  be  expected  to  form  faster 
than  smaller  flakes. 


The  film  observations  are  in  qualitative  agreement  with  the 
above  predictions.  Perpendicular  cracking  uas  observed  to  take  place 
at  speeds  greater  than  those  that  could  be  resolved  by  the  camera 
(10  m/s)  and  was  then  followed  by  flaking  at  a much  slower  speed. 

It  was  also  observed  that  the  regions  that  broxe  into  flakes  early  in 
the  process  formed  larger  flakes  than  the  regions  that  broke  into  flakes 
later. 


TABLE  1.2 

CRACKING  THRESHOLDS  FOR  CROWN  GLASS  AND  SILICA 
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APPENDIX  2 


VAPORISATION  AND  IMPULSE  PRODUCTION 


Once  the  vaporisation  threshold  for  the  sample  Is  exceeded 
a pressure  is  exerted  on  the  target  - the  reaction  to  the  action  of  the 
vaporised  material  in  leaving  the  sample  surface  in  the  form  of  a plasma. 

The  specific  impulse  (impulse  per  unit  incident  energy)  increases  with 
increasing  energy  density  until  the  absorption  of  the  incident  beam  in  the 
ionised  plasma  becomes  so  strong  that  an  LSD  wave  is  formed.  Now  pressure 
is  exerted  on  the  target  by  the  expansion  of  the  LSD  wave  against  the  target. 
The  specific  impulse  then  decreases  as  the  energy  density  increases.  These 
trends  can  be  seen  in  the  data  in  Figs.  5b,  8b  and  10b. 


Threshold  for  Vaporisation 

The  energy  per  unit  area  at  the  threshold  of  vaporisation, 
for  the  conditions  assumed  in  Appendix  1,  is  given  by 


E = 5 p (L  + CAT  ) 
th  V v 


where  6 is  the  absorption  depth 

p is  the  sample  density 

L is  the  latent  heat  of  vaporisation 

V 

c is  the  specific  heat 

AT  is  the  difference  between  the  vaporisation 

temperature,  T^,  and  the  ambient  temperature,  T^. 


Specific  Impulse  - Vaporisation  Region 


A precise  calculation  of  the  specific  impulse  curve  requires 
a knowledge  of  the  vapour  pressure  of  the  sample  as  a function  of 
temperature.  Although  such  Information  is  available  for  silica^  , the 
corresponding  information  could  not  be  located  for  a multi-component  glass 
such  as  crown  glass.  Instead,  the  simpler  formulation  used  by  Schriempf^® 
to  calculate  the  specific  impulse  for  metal  targets  has  been  adopted.  The 
Schriempf  model  assumes  that  all  of  the  energy  is  deposited  at  the  surface 
and  that  the  temperature  distribution  in  the  material  is  controlled  by  the 
thermal  diffusion.  In  cases  where  there  is  a finite  absorption  depth 
the  energy  is  deposited  in  a finite  volume  and,  provided  that  the  thermal 
diffusion  length  during  the  pulse  time  is  less  than  the  absorption  depth, 
a similar  temperature  distribution,  controlled  by  the  absorption  coefficient 
rather  than  by  the  thermal  diffusivlty  of  the  material,  will  be  set  up. 
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The  Impulse  per  unit  area,  I,  Is  the  force  per  unit  area, 
P,  multiplied  by  the  time  over  which  it  acts. 


' ■ - 'b> 


..  2.2 


where  tp  is  the  duration  of  the  pulse  and  t^,  represents  a threshold 
which  Schrlempf  equates  to  the  time  taken  to  raise  the  temperature  of 
the  surface  to  the  vaporisation  point.  If  it  is  assumed  that  the  power 
density  is  constant,  the  impulse  at  energy  density  E may  be  expressed  as 


I - Ptp  (1  - 


..  2.3 


It  can  then  be  shown  that  the  specific  impulse  due  to  vaporisation  is 
given 


r :AT 


''TCl  +cAT  ] 

V V 


...  2.4a 


where  is  given  by  equation  2.1,  and  Kj^  is  the  specific  impulse 
constant  in  the  vaporisation  region. 


Specific  Impulse  - LSD  Wave  Region 


region  as 


Schriempf  calculates  the  specific  impulse  in  the  LSD  wave 
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where  is  the  effective  sample  radius 

R is  the  laser  beam  radius 

Is  the  air  density 

t is  the  pulse  width 
P 

E is  the  incident  energy  density 

K2  is  the  specific  impulse  constant  in  the 
LSD  wave  region 


Coiroarison  of  Theory  and  Experiment 


The  relevant  parameters,  and  their  sources,  for  crown  glass, 
silica  and  Perspex  are  shown  in  Table  2.1.  Values  of  and  T^  for 
crown  glass  could  not  be  found  in  the  literature.  may  be  estimated 

from  the  slope,  near  threshold,  of  the  ablation  depth  versus  energy 
density  curve.  From  the  rather  scattered  data  of  Fig.  5a  L^  was 
estimated  to  be  in  the  range  10-60  MJ/kg.  T^  was  taken  to  be  the  same 
as  for  silica.  It  should  be  noted  that  in  predicting  Ej-j,,  uncertainties 
in  Ly  are  more  Important  chan  uncertainties  in  Ty. 
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The  parameters  in  Table  2.1  were  substituted  into  equation 
2.1  to  predict  the  vaporisation  thresholds  given  in  Table  2.2.  The 
agreement  with  the  observed  vaporisation  thresholds  is  not  good.  For 
crown  glass  the  value  of  L.^  estimated  from  Fig.  5a  is  much  higher  than 
the  values  of  encountered  for  most  materials.  However,  if  is 
taken  to  be  the  same  as  for  silica  (viz.  6.0  MJ/kg),  the  predicted 
threshold  (25  kJ/m^)  is  much  closer  to  the  observed  threshold  (20  kJ/m^) . 
The  tabulated  values  of  L^  for  silica  and  Perspex  are  consistent  with  the 
data  in  Figs.  8(a)  and  10(a).  As  the  values  for  p,  c and  T^  should  be 
reliable,  this  suggests  that  the  differences  between  the  predictions  and 
the  observations  are  due  to  values  of  the  absorption  depth,  <S  , used. 

For  silica  agreement  would  be  obtained  if  5 = 3 pm  rather  than  12  pm. 

This  is  a large  difference,  but  as  the  10.6-pm  wavelength  lies  on  the 
tail  of  the  Si-0  absorption  band,  absorption  data  may  not  be  very  accurate. 
For  Perspex  agreement  would  be  obtained  if  6 =15  pm  rather  than  30  pm. 
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Table  2.2  lists  predicted  and  observed  values  of  the  specific 
impulse  constant,  Kj,  in  the  vaporisation  region.  The  predicted  values 
are  higher  than  the  observed  values  by  a factor  of  2 for  crown  glass,  a 
factor  of  3 for  silica  and  a factor  of  10  for  Perspex.  In  the  case  of 
silica,  vapour  pressure  data^l  was  used  to  make  a more  accurate  calculation 
of  the  impulse.  However,  the  result  was  similar  to  that  obtained  from  the 
simpler  Schriempf  model.  It  Is  expected  that  at  least  part  of  the 
discrepancy  between  the  predicted  and  the  observed  values  of  Kj  would  be 
due  to  the  reduction  in  the  effective  pulse  duration  as  the  latter  part 
of  the  pulse  is  absorbed  by  the  plasma  in  front  of  the  sample.  This  is 
expected  to  be  particularly  relevant  in  the  case  of  Perspex  where  a 
comparatively  large  amount  of  material  is  vaporised. 
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The  solid  curves  in  Figs.  5b,  8b  and  10b  were  obtained  from 
equation  2.4  by  substitution  of  the  observed  values  of  the  threshold 
and  the  specific  impulse  constant,  rather  than  the  predicted  values. 
It  is  apparent  that  the  experimental  results  are  well  represented  by 
these  curves. 


Spec/C|^-cc  TmpuLiz  - LSV  Wave.  Region 

Schriempf^^  gives  the  condition  for  the  formation  of  an  LSD 
wave  as  < R where  V is  the  absorption  length  in  the  plasma  and  R 
is  the  beam  radius.  The  electron  density  in  the  laser-induced  plasma 
is  expected  to  be  about  10^^  electrons/m^  the  temperature  about 
30  000  K and  the  pressure  in  the  shock  wave  about  10^  Pa^^.  For 
these  parameters,  the  standard  expression  for  the  absorption  length^ 
gives  a value  that  is  less  than  R. 


Figs.  5b,  8b  and  10b  show  the  experimental  data  on  specific 
impulse  as  a function  of  energy  density.  The  dashed  curves  have  the 
energy  dependence  of  equation  2.5a  and  the  magnitude  has  been  adjusted 
to  give  a good  fit  to  the  experimental  data.  Table  2.2  gives  the 

predicted  values  (defined  by  equations  2.5  and  2.5a)  and  the  observed 
values  (derived  from  the  dashed  curves)  of  the  specific  impulse 
constant  in  the  LSD  wave  region,  K„.  For  crown  glass  and  for  silica 
the  agreement  between  the  predicted  and  obser<;ed  values  is  good 
(within  30%),  whereas  for  Perspex  the  observed  specific  impulse 
constant  is  a factor  of  two  smaller  than  the  predicted  value.  Thus 
the  shape  and  the  magnitude,  of  the  specific  impulse  versus  energy 
density  curve  in  the  LSD  wave  region,  can  be  predicted  reasonably  well. 
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FIG.  1 - Experimental  arrangement. 
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SEM  micrographs  of  damage  to  crown  glass.  2(a)  shows  a flake  that 
has  lifted  away  from  the  substrate.  2(b)  shows  regular  shaped 
flakes  at  the  edge  of  a damaged  region.  2(c)  was  taken  after  two 
pulses  were  Incident  on  the  same  area,  showing  that  the  first  set 
of  flakes  has  partly  coalesced  and  that  a second  set  of  flakes  has 
formed. 
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FIG.  3 - Optical  micrographs  of  d;image  to  crown  glass.  3(a)  shows  cracking 
and  flaking  overlaid  by  "orange-peel".  Note  the  two  long  cracks 
that  divide  tiie  area  into  three  independent  regions  as  far  as  the 
flaking  is  concerned.  3(b)  shows  an  elliptical  fringe  pattern 
overlaying  the  flakes.  The  beam  was  incident  from  the  right  hand 
side  at  an  angle  of  45  to  tlie  surface.  Note  also  tliat  there  is 
very  little  "orange-peel". 
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Time  development  of  cracking  and  flaking  in  crown  glass.  Tlie 
frames  are  taken  15ms  apart.  Note  the  long  cracks  in  the  early 
frames  that  divide  the  area  into  independent  regions  as  far  as  the 
subsequent  flaking  is  concerned.  The  energy  density  was  80  kJ/m^ 
(Magnification  X4). 
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Ablation  and  specific  impulse  for  crown  glass. 

5(a)  - Average  ablation  depth  versus  energy  density, 
line  represents  1.^  = 20  MJ/kg. 


The  straight 


Specific  impulse  (I/E)  versus  energy  density.  The  rising 
portion  of  the  curve  corresponds  to  the  vaporisation  region 
and  the  falling  portion  to  the  LSD  wave  region.  The  curves 
are  theoretical  - see  Appendix  2. 
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Optical  micrographs  of  damage  to  fused  silica.  (a)  After  a single 
pulse  the  surface  is  uneven  due  to  residual  fringe  patterns  and 
partial  shielding  of  certain  areas.  (b)  After  5 pulses  the  surface 
is  much  rougher. 
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SEM  micrographs  of  damage  to  Perspex,  showing  the  same  sample  at 
different  magnifications.  Note  the  honeycomb-like  structure. 
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